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ABSTRACT 


■/nJ [it has established that for brittle materials* circular 
voids play an Important role relative to fracture, In that they 
Intensify both tensile and compressive stresses. I A^maxlmum 

. J • * 

Intensified tensile stress failure criterion .appi-ies quite well to 
brittle materials. 

In this thesis, an attempt has been made to explore the 
possibility of extending the approach to the tensile fracture of 
ductile materials. The three-dimensional voids that exist In reality 
are modelled by circular holes In sheet metal. Mathematical 
relationships are sought between the shape and size of the hole, 
after the material Is plastically deformed, and the amount of 
deformation Induced. Then, the effect of hole shape, size and 
orientation on the mechanical properties Is considered 
experimentally. It Is seen that the presence of the voids does not 
affect the ultimate tensile strength of the ductile materials because 
plastic flow wipes out the stress Intensification caused by them. 
However, the shape and orientation of the defect Is found to play an 
Important role In affecting the strain at fracture. In certain 
engineering applications the strain at fracture Is more Important 
than the stress at fracture. The findings of this thesis have the 
potential of being applied to a rolling mill stiffness acceptance 
test and to the large strain-low stress deformation of sheet 
materl al . 
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I. INTRODUCTION 


Fracture comprises the fragmentation of a solid material Into two 
or more parts under the action of stress [13, It can be categorised 
Into brittle fracture and ductile fracture. 

Experiments have shown an Intensified stress theory to give good 
results when applied to brittle fracture. The Intensified stress 
theory of Takagl and Shaw [23 assumes round rather than hairline 
defects and voids In the brittle materials. The purpose of the 
present study has been to explore the role that shaped voids play 
with regard to the tensile fracture of ductile materials. 

This thesis concerns Itself first with the change of shape of 
such voids when the material containing the voids Is deformed 
plastically. The second part of the thesis Is the study of the 
effect of void or defect shape and orientation on the tensile 
strength of the material and It Is attempted to extend the theory of 
Takagl to ductile materials. A number of experiments have been 
conducted In relation to each part of the thesis. In these* two 
simplifying assumptions are made: 

1. Although the defects In actual materials are liable to be 
relatively weak particles such as silicates or other slag 
particles* the defects actually studied are unfilled voids. 

2. Since two dimensional (plane strain) results are generally 
In good agreement with more complex situations* the voids 
employed will be cylindrical holes In sheet material. 



The voids are made to deform first by the metsl forming operation 
of rolling# and later they deform when specimens cut out of the 
rolled sheets are pulled In tension. Since the stress concentration 
strongly depends on the shape of the void* the final shape of the 
void at fracture Is considered In applying the Intensified stress 
criterion to ductile matsrlals. 


II. REVIEW OF PAST WORK 


Unlike ductile fractures# that exhibit significant plastic 
deformation* brittle fractures propagate rapidly and often with 
catastrophic results* with little or no plastic deformation. The 
tendency for brittle fractures to happen Is Increased with decreasing 
temperature* Increasing strain rate* and trl axial Ity of stress. 

Dieter Cl] shows the types of fractures seen In metals under uniaxial 
tension. In brittle fracture* separation is normal to the tensile 
stress (Fig. la). These are obse**ved In bcc and hep but rarely In 
fee metals. Ductile fracture could be shear type (Fig. lb)* rupture 
(Fig. lc) or "cup and cone" type (Fig. Id). 

Griffith C3] first considered the mechanics of brittle fracture 
from the point of view of crack Initiation and crack propagation. He 
assumed the existence of a population of fine hairline cracks In 
brittle materials and then went on to use an energy approach to 
develop a crack propagation criterion. In his words* "A crack will 
propagate when the decrease In elastic strain energy Is at least 
equal to the energy required to create the now crack surface." This 
criterion was used to obtain the fracture locus of a brittle material 
subjected to biaxial loading. Experiments to check the validity of 
this locus were performed by Takagl [23 using the feur point bending 
test* the uniaxial compression test* and the disc test. Griffith’s 
results were found to agree very well qualitatively but not 
quantitatively; assuming a circular void was found to be much better 
than assuming a hairline crack, Cne could state this new criterion 
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thus: "Brittle fracture will occur In tonal on whan tha maximum 

Intensified tanalla strata at a point on tha parlphary of tha void 
raachaa a critical valua characteristic of tha material." 

Now* as far as ductlla materials ara concarnad# wa ara wall awara 
of tha prasanca of Inclusions such as sulfldas and slllcatas and also 
porosltlas and othar dafacts In tha as-cast stats. Whan tha material 
Is plastically dafc^mad* as by rolling* tha sphtrlcal parti cl as 
dsform Into alllpsolds and this glvas rlsa to a significant 
dlffsrancs In machanlcal propartlas maasurad parallel (longitudinal) 
and perpendicular (transverse) to tha direction of rolling. 

Extensive work has bean dons In tha 1940s and 19S0s regarding tha 
anlsotrooy of machanlcal propartlas In wrought products. Walls and 
Mahl [4] studied tha affect of forging reduction* Ingot size* yield 
strength* reheat treatment and nonmetal 11c Inclusions on the 
transverse mechanical properties. They found the reduction of area 
of specimens to depend strongly on the angle between the longitudinal 
axis and flow direction* as seen In Fig. 2(a). Transverse properties 
are particularly Important In thick walled tubes as In pressure 
vessels and guns. Transverse ductility Is found to be much lower 
than the longitudinal ductility and this difference Is due to 
Inclusions* microsegregation and dendritic structure. These 
Inclusions* voids and second phase particles get aligned 
preferentially In the direction of working* causing directional 
dependence of properties such as minimum reduction of area In the 
short-transverse direction* Intermediate In the long-transverse 
direction and maximum In the longitudinal direction. Fig. 2(b)* also 
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taksn from [4], shows how* bsyond a csrtaln forging ratio* ths 
Inclusions gst so slongatsd In ths longitudinal dlrsctlon that ths 
transvsrss rsductlon of arsa proparty (RAT) drops off with furthsr 
raductlon. Grobs, Walls and Mshl C5] studlsd ths sffsct of various 
kinds of hsat trsatmsnt on SAE 1045 forging stsal. Thsss tssts also 
show that ylsld strsngth and tonsils strsngth ars practically 
unaffsctsd by ths angls of ths tsst. Lori a C6] from his sxpsrlmsirts 
on largs stsal forgings* also sxplalns ths anisotropy In propsrtlss 
by ths "posslfcls formation of a coarss dsndrltlc structurs In largs 
Ingots and ths coalsscsncs of Inclusions which ars drawn out Into 
apprsclabls strlngsrs during forging." Wslchnsr and Hlldorf C7] 
consldsr both ths quantity and typs of Inclusions Insofar as thslr 
sffsct on transvsrss mschanlcal propsrtlss Is concsrnsd. Tbr mors 
ths Inclusion and ths lowsr Its shaps "rating", ths lowsr was whs RAT 
valus. Ths typs of Inclusion was found to bs mors Important than ths 
quantity. Evsn In vsry purs slngls phass matsrlal llks Oxy ^sn Frss 
High Conductivity Coppsr (OFHO* this anisotropy was sssn by 
Backofsn* Shalsr and Hundy C8]. 

Ths mschanlcs of Intsractlon of ths Inclusions whsn In csrtaln 
rsgular pattsrns and ths conssqusncss on ths fracturs charactsrl sties 
has bssn studlsd by HcCIIntock [9] # who has analytically found that 
rigid Inclusions can causs Inflnlts strain concsntratlons In ths 
matrix nsar ths Irrtsrfacs whlls strsss concsntratlons ars about two 
for roughly sphsrlcal Inclusions. Hs also finds that ths stags of 
fracturs corrsspondlng to ths hemogensous growth of holss bsfors thsy 
coalsscs to nuclsats a crack Is dspsndsnt on ths logarithm of ths 
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volume fraction of Inclusions. Interaction of hole arrays Is also an 
Important consideration In the design of perforated plates such as 
those used as tube-sheets In heat exchangers CIO— 113 • The analysis 
uses theory as well as strain analysis and photoelastic tests. 

Several theoretical elastic analyses have been done for the 
stress concentrations around spherical and spheroidal Inclusions and 
cavities C12— 1S3 • The results are mostly presented as graphs with 
the principal axes of the spheroids as parameters. 

However* most of the work on void shape mentioned above deals 
with the elastic case only. The change In shape of round voids when 
the material Is subjected to significant plastic deformation has also 
been dealt with In the literature. Johnson and Mama! Is [16] have 
described exhaustively the range of physical defects that occur In 
various metalworking processes. Chaaban and Alexander [18] have 
studied the main factors affecting the mode of deformation* strain 
distribution and closure of Internal cavities within a billet 
subjected to swing forging. Internal cavities were simulated by 
longitudinal and transverse holes of various sizes and dispositions 
machined Into lead billets. Longitudinal holes were found to have a 
higher rate of closure than the transverse holes. Although the Inner 
surfaces of the deformed hole came Into contact* bonding was only 
Initiated and not too strong. Chaaban and Helml [17] simulated 
physical defects In hot-rolled steel by artificial longitudinal* 
transvb-'se and vertical holes In plasticine [Fig. 33. 



III. EXPERIMENTAL PROCEDURE 


Experiments on deformation and strength were performed on 3 
materials - (1) High purity OFHC Copper (11) Aluminum alloy A1 5052 
(111) Low Carbon steel AISI 1018 cold rolled. The Important 
properties of these materials are listed In Table 1 (after Schey 
[19]) . 

The experiments performed come under two major subheadings. 

I. Shape Change Experiments: 

a) Specimen preparations Through holes of 0.015 n (0.38mm) and 
0.040" (1mm) diameters were drilled In strips of each of the 3 
materials 4.5" (114mm) Inches wide and 0.125" (3.175mm) thick. The 
0.040" holes could be made perfectly round and cylindrical by reaming 
but this was not possible for the 0.015" holes, so the smaller size 
of holes were not used In subsequent experiments. The holes were 
drilled In two kinds of clusters (see Fig. 4): a) with centers lying 

along the line perpendicular to the longitudinal direction and b) 
with centers lying In the longitudinal direction with a spacing of 
0.3" (7.62mm) . 

Another kind of specimen (type B» Fig. 5) was made with holes just 
along Its longitudinal axis. These strips were 2.3" (58mm) long. 

The holes were spaced 1.2" (30.98mm) apart. For steel alone, yet 
another kind of specimen was made that had holes only along Its 
transverse axis - In type Cl there were 3 holes 1.3" (33.02mm) apart. 
In type C2-C4 there were 4 holes 1.0" (25.4mm) apart and the 
specimens were 4" (101.6mm) wide. See Fig. 6. 
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Interaction effects between adjacent holes were studied using a 
specimen having 1* 9 and 25 holes In a square arrangement. (Fig. 7). 
b) Deformation : Subsequent to drilling the holes* the specimens were 
rolled In plane strain in a Stanat EX-100 3hp (2.24kW) rolling mill 
of 1.2" (30.48mm) maximum gap at 450rpm. The roll diameter was 
3.085" (78.36mm). SAE30 motor oil was used as lubricant In all 
cases. Type A specimens were reduced In thickness by 50X In 6 
passes. Type B and type C specimens were reduced In thickness by 35% 
In 3 passes. In all cases* after each pass* photographs were taken 
at 50X of all the holes In the specimens using a Lettz Metal lopl an 
microscope with Polaroid camera* to obtain the hole size and shape at 
each stage. 

II. Frastms Experiments 

Two types of tensile specimens have been used: 
a) Rectangular Tension Test Specimens: These are geometrically 

similar to the one specified In the ASTM standard for tension tests 
of metals C203 • See Fig. 8. These are cut out from specimens A and 
C1-C4 used In the shape change experiments. Both longitudinal and 
transverse specimens were obtained from A. By a longitudinal 
specimen Is meant a specimen with Its longitudinal axis parallel to 
the direction of rolling* while a transverse specimen Is one that has 
Its longitudinal axis perpendicular to the direction of rolling. 

Only longitudinal specimens were obtained from C1-C4. Some of the 
specimens have no holes In them. Some have elliptical holes In the 
center. These holes were round Initially and were deformed during 
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rolling. The rest have round holes 0.040" (1mm) diameter drilled 
Into them after roll Ing. The dimensions of the various specimens are 
tabulated In Table 2. 

b) Plane Strain Tensl le Specimens : These are of the dimensions shown 

In Fig. 9. These were cut out of shape change specimen t>pe B after 
rolling and are also of two kinds* longitudinal and transverse. The 
number of specimens of each kind are listed In Table 3. 

All the specimens from A and half the specimens of each kind from 
B and C were annealed at the appropriate temperature for the material 
concerned (see Table 1). Annealing was done for one hour at the 
specified temperature and the specimens were furnace cooled. In the 
case of copper* any surface oxide layer formed was removed using 
dilute hydrochloric acid and In the case of steel* the oxide layer 
was so flaky that It was just removed using fine emery paper. 

The tension tests were carried out on a Model TT-D Instron 
Universal Testing Machine using a crosshead speed 0.05 inches/mln 
(1.24mm/m1n) which corresponds to quite a low strain rate of from 
0.0167/mln for the longest specimens to 0.1/mln for the plane strain 
specimens which had a gage length of 0.5 Inches. Load versus 
displacement was recorded until the load reached a maximum. Then the 
machine was unloaded and the specimen width and the thickness were 
measured relative to size and shape of the central defect. The 
specimen was then returned to the machine and tested to fracture so 
that the size and shape of the final fracture surface could be 


determl ned 
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Typical microstructures of the 3 materials In the annealed state 
were obtained by mounting specimen pieces In luclte and polishing and 
etching by standard procedures C211 to get the transverse cross 
section. For steel* the etchant was nltal. Aluminum was etched by 
Immersing In a solution of 1ml a 8% hydrofluoric acid (HF) In 200ml 
water for 45s. Copper was etched In a solution of 20ml ammonlmurn 
hydroxide (M^OH)* .'0ml water and 20ml 3 % hydrogen peroxide (H 2 O 2 ) by 
Immersion for 1 minute. 

Scanning electron fractographs of the appearance of the fractured 
surfaces at various locations and magnifications were also taken to 
examine the nature of the fracture. 



IV. RESULTS AND DISCUSSION 


iilARl Change ExpfirlMDtS 

Rolling deformed the Initially circular holes Into approximately 
elliptical ones# with the eccentricity of the ellipse Increasing with 
successive rolling passes. Type A specimens were reduced In 
thickness by SOS In 6 passes. A typical sequence Is shown In Fig. 

13. Type B and type C specimens were reduced 35% In 3 passes. A 
typical sequence Is seen In Fig. 14. Tne length of the major and 
minor semi axes of the holes were measured after each pass. Since It 
Is to be expected that a defect filled with relatively soft material 
will plastically deform such that Its volume remains constant* it Is 
reasonable to assume that the same result will hold approximately for 
a void. 

If this Is the case* 

it r 2 h 0 * Trabhi 

h (1) 

ab = 0r 2 


where 

r » Initial hole radius as drilled ' 
a*b * major and minor semi axes of ellipse 
ho * Initial thickness of specimen 
hi * thickness after rolling. 

Experimental values of ab (averaged over the holes In a given 
specimen and material) plotted against the theoretical value of ab 
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from equation (1) for the three materials and a range of values of {j^* 
from 1.19 to 2.10 are shown In Fig. 15. The trend Is linear with a 
tendency to dip at higher levels of reduction suggesting the volume 
does reduce at very high reductions. Chaaban and He1m1*s work C17] 
with plasticine shows complete closure of all the 3 kinds of holes 
they considered (vertical# longitudinal and transverse) beyond a 
certain amount of reduction. Both [173 and [183 report a variation 
In the amount of area change across the cross sectional width and 
depth and across the length of the specimens. The experiments 
performed In this thesis work dealt only with vertical holes. 

However# for upto 50* reduction# no appreciable dependence of shape 
or area on the position of the holes along the width was seen# except 

In the case of steel. For steel# a variation of hole area was seen 

as a function of the hole position alcng the width# with hole area 
Increasing for holes near the center and decreasing for holes close 
to the edges of the specimen. This Is shown In Fig. 16. 

A possible explanation for this variation could be that only 
steel Is strong enough to cause an appreciable variation of roll 
pressure across the specimen width owing to a slight elastic 
deflection of the rolls. References [22-23] consider the variation 
of normal pressure p and the coefficient of friction y In the 
compression of metal disks with and without lubrication. From Fig. 

17# taken from [223# It Is seen that y Is smaller when p is bigger. 

Also# from the details of the ring compression test In [193# we see 
that the change In Internal diameter of an annular ring being 
compressed Is a function of Interface friction - with Increasing 
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friction* the diameter expands as though It were part of a solid 
cylinder, but with diminishing friction, free Inward radial flow Is 
no longer obstructed and the Internal diameter starts to reduce. A 
roll pressure variation with a minimum pressure at the center and 
larger pressures along the width away from the center would cause a 
variation of the coefficient of friction with a minimum near the 
edges and maximum towards the center. Then, similar to the ring 
test, the hole would tend to expand where the friction is high and 
contract where the friction Is low and this Is just what Is observed. 
That this Is not seen In aluminum or copper Is attributed to the fact 
that they are not strong enough to cause appreciable roll deflection 
and roll pressure variation In the axial direction. 

Equation (1) Is but one expression for the two variables a and b. 
Several attempts were made to obtain a second relation Involving a 
and b but without success. However, the ratio a/b when plotted 
against the reduction In thickness R (%) Is reasonably approxlmatod 
by a single curve (Fig. 18). The ratio of a/b Is found not to be 
particularly material -sensitive. Values of a and b may be estimated 
for any value of reduction (R) by using (1) and the empirical curve 
of Fig, 18. 

Interaction of Adjacent Defects 

In practice, soft defects are present In groups rather than In 
Isolation, and these groups may Interact with each other relative to 
change In shape and concentration of stress. This problem was 
Initially considered by rolling a specimen of the type In Fig. 7 
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where a square defect arrangement was considered In a 5 x 5* 3x3 
and 1 x 1 matrix arrangement. In all the cases the deformation of 
the center hole was measured. It was seen that the lxl center hole 
was bigger than the 3x3 center hole but the latter and the 5x5 
center holes had Identical dimensions pass after pass* suggesting 
that the holes Immediately adjacent to the central hole significantly 
Influence the deformation of the central hole while those In the next 
more distant position have only a weaker or "second order" Influence 
on the deformation. It was therefore concluded that It would be 
sufficient to Include only defects Immediately adjacent to the 
central one when studying Interactions. The ligament spacing 
relative to the hole size would of course be an important variable In 
any Interaction study. Since the Interaction question was somewhat 
removed from the main thrust of this study* It has not been pursued 
further but It seems clear that It should be considered In detail If 
the role of soft Inclusions on the brittle fracture characteristics 
of metals proves to be of sufficient Importance. As a result* only 
the characteristics of a single hole were studied In the subsequent 
experiments. 

Exacturg Exp trl men t* 

The results obtained that are material -specific are listed first* 
followed by a summary and discussion of the general characteristics 
seen In all the materials. See Table 4. 

QFHC Cooper; As expected* It exhibited the maximum ductility (up to 
60S was recorded) and also a lot of strain hardening* for It 
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shows • slzsabls dlffsrsncs between ths ultlmats tsnslls strsngth In 
ths annsalsd and In ths strain hardened* cold worked stats. A 
typical load-displacement curve Is seen In Fig. 19. The annealed 
specimens all exhibit a "tensile" type failure where the fracture 
surface Is normal to the loading direction. Half the B specimens 
were not annealed and they exhibit necking In two directions In the 
plane defined by the longitudinal and the width direction; these two 
directions Intersecting each other and symmetrically making about 35° 
on an average with the width direction. (Fig. 22) 

A1 5QS2: This alloy contains solutes like magnesium and owing to 

this* the specimens exhibit a dynamic strain-aging behavior with a 
serrated stress-stral n curve (Fig. 20) which Is obviously the 
PortevIn-LeChatel ler effect* described In [13* In action. "The 
serrations arise from successive yielding and aging when the specimen 
Is tested. If the speed of a dislocation line Is slow* It may be 
able to move by dragging Its atmosphere of Impurities along with 
It... At higher velocity* the dislocation pulls away from the 
atmosphere and a yield drop occurs. Since solute atom mobility Is 
high at the temperatures at which discontinuous yielding occurs* new 
atoms move to the dislocations and lock them. The process Is 
repeated many times* causing the serrations In the stress-strain 
curves." 

The aluminum specimens exhibit the least ductility as well as 
small strain hardening. Here some of annealed specimens exhibited a 
"tensile" fracture as discussed for copper and some showed a "shear" 
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fracture with a shear failure In the length-thickness plana at 45° to 
tha length direction and normal to tha width dlractlon. (Fig. 22) 

All tha non-anneal ed 6 specimens fall ad at about 35° as dlscussad for 
coppar. 

illfllftl 

Tha specimens all exhibit typical yield-point phenomena* with 
uppar and lowar yield points and Ludars band formation* as saan In 
Fig. 21. 

Tha steal spaclmans* as expected* have tha highest tensile 
strength. 

Tha following common characteristics are observed: 

1. Tha central defect* which may be a circle or ellipse (depending 
on whether tha hole was drilled after or before rolling) with 
major axis parallel or transverse to the direction of loading* 
undergoes a substantial change In shape during the tension test. 
The change Is always towards an ellipse with major axis In tne 
loading direction. 

2. Two types of necking are observed (Fig. 23). Necking In the 
width direction Is diffuse while that In the thickness direction 
Is localized. In the unannealed specimens with holes In them* 
two localized necks form that Intersect each other and make 
about 35° with the width direction. In some of the unannealed 
specimens without holes In them* only one such oblique neck Is 
formed Instead of two. This appears to be a surprising result 
but it turns out to have been noticed and reported as early as 
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1928 by Koerber and Slebel [24], (See Fig. 24). Hill [25] 
developed plastic stress-stral n rats relations satisfying ths 
•nl sot ropy of a cold-rolled flat bar and computed the angle for 
the oblique straight direction along which a bar of anisotropic 
material contracts before fracturing, Nadal [26] states It this 
ways "It Is well known to testing engineers that wide flat bars 
or strips machined from thin rolled metal sheet when tested In 
cold worked condition In tension do not break In a surface which 
Is perpendicular to the direction of tension but along an 
oblique plane perpendicular to the flat sides of the bar 
Inclined at an angle of approximately 55 degrees with respect to 

the axis of the bar the flat bars must have a ratio of 

width to thickness of the rectangular section larger than 6 or 7 
otherwise they neck down symmetrically around a section normal 
to the bar axis." Koerber and Slebel attribute this type of 
fracture to a simultaneous gliding In the metal on two systems 
of slip planes. 

The mathematical derivation of the 55° angle as presented 
by Nadal [26] Is discussed In the Appendix, It Is based on 
finding that oblique direction with respect to the tensile axis 
In which no normal strains are produced under simple extension. 
Shaw and Avery [27] have followed similar agruments but used 
Mohr's circle of strain In the plane stress situation to obtain 
the same result. Nadal suggests that two slip layers 
symmetrically Inclined with respect to the axis form# 
Intersecting each other In the weaker region If there Is such a 
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region In the Interior of the btr, This It certainly true In 
the case of the specimens with the holes In thsm and as 
expected# all the unannealed specimens of all the materials with 
holes In them form two Intersecting slip layers and fracture 
randomly along one of them. 

t • 

3. The results Indicate that the UTS* which Ts. alweys calculated 
based on the sound area at the central crosssection before the 
tension test# Is Insensitive to the shape or orientation or size 
of the hole. This can be explained by the fact that large 
plastic flow around a void In a ductile material wipes out the 
effect of hole shape and orientation and reduces the elastic 
stress concentration effect to a negligible value. Ramanath 
[283 has used the ANSYS Finite El ament Program to calculate the 
stress distribution In a plate with a round hole In It subjected 
to uniaxial tension# before and after yielding occurs at the 
stress concentration viz. the hole. The specifics of the 
problem he considered are: 

Rectangular plate 10" x 6" x 0.1" with a 2" diameter hole 
In the center. 

Young's Modulus (E) ■ 30 x 10^ psl 
Poisson's Ratio (v) ■ 0.3 
Yield Strength (<^ p ) * 90#000 psl 
Slope of flow curve » 0.032 

Since the problem Is symnetrlc the results are presented « 
for only 1/4 of the plate In Fig. 25. The curves on the figure 
denote lines of constant normal stress. From Fig. 25(a) which 
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pertains to the elastic stress Immediately before yielding we 

see: 

Maximum normal stress 87*000 psl 

Stress far away from stress concentrator % 32*000 psl 
This corresponds to an elastic stress Intensification 
factor of about 2.7. 

Figure 25(b) shows the state of stress a little after 
yielding: 

Maximum normal stress - -- -- -- -- - % 101*000 psl 
Stress far away from the stress concentrator % 64 *000 psl 
This corresponds to a stress Intensification factor of 
about 1.6 aftar yielding. Hence It Is obvious that the stress 
Intensification factor will drop further to a much lower value 
If the plate Is subjected to large plastic deformations of the 
magnitude considered In the present work. 

In other words* the maximum Intensified stress theory of 
Takagl ill does hold* joed for ductile materials but there Is no 
difference between the nominal and the Intensified normal 
stress. Strain at fracture Is found to depend considerably on 
the orientation of the hole. Of all the defects* an elliptical 
defect with Its major axis aligned with the direction of loading 

» i . • 

results In the most ductility. A round hole (before testing) 
yields 1 nter**ed1 ate ductility. Ductility Is minimal If the 
major axis of the elliptical defect Is transverse to the loading 
direction. Of course.? specimens with no holes have the highest 
ductility. For ductile materials* the nominal stress fracture 
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criterion applies. For brittle materials* however* the shape 
effect of voids and defects Is Important and nominal and 
Intensified stress must be distinguished between. The results 
on both stress and strain are in keeping qualitatively with the 
findings In [4-7]* which dealt with the mechanical flberlng of 
Inclusions being the defect Instead of the voids which have been 
considered here. 

4. At maximum load* the Initiation of a small crack Is evident at 
the edges of any hole at points 90° from the load line. This 
crack grows rapidly with substantial necking* with further 
Increase In deformation as the load rapidly falls to zero. 

5. One common feature which was observed In all the specimens with 
holes In them was that they necked well before the maximum load 
was reached whereas In a regular tensile specimen without a hole 
and subjected to uniaxial tension* the theory [1] states that 
Instability occurs when 

dP = 0 

where P Is the applied load. 

This requires that the load be a maximum when necking 
starts. The explanation for this Is the trlaxlallty of stress 
that Is Induced at an early stage owing to localized yielding at 
the holei wVlch Is a stress concentrator. 

6. The fracture surface appearance Is seen In the Scanning Electron 
Microscope fractographs of F1g.*6. In all the 3 cases clear cut 
ductile dimple fracture Is seen with roughly equlaxed grains and 
some shear flow near the edges. 


V. CONCLUSIONS 


The presence of shaped voids and their size and orientation has 
a very significant effect on the strain to fracture of the 
metals studied. The presence of the hole reduces the strain to 
fracture relative to the tensile stress because once yielding 
begins# the hole effectively reduces the gage length. 

While the ductility In an anisotropic material 
significantly depends on the direction In which the specimen Is 
cut# the tensile stress has been found not to be direction 
dependent. Mehl and co-workers [4-7] have highlighted the first 
part of this statement but It Is felt that the second part is 
quite as Important# as In the situation where obtaining large 
strains Is Important while the stress levels are of secondary 
Importance. For Instance# In the case of automobile bodies 
which are made by sheet-metal working It Is highly desired to 
obtain the maximum plastic strain at the same stress level. It 
was attempted In the course of this study to see If putting In a 
pattern of hemispherical dimples on one sld^i of a sheet-working 
specimen would Increase the plastic flow to fracture when the 
specimen was rolled. This experiment was not successful. It 
failed In two ways. One# that even the lightest dimple Indented 
on one side of the sheet resulted in blemishes on the other 
side. Thl' has been reported earlier by Johnson [29], The 
other was that the very presence of the dimple made It less 
ductile than a specimen with no dimples. 
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2. Annealing has the effect of removing the anisotropy due to cold 
working. Annealed specimens fall normal to the applied load 
while cold-worked samples with a large width to thickness ratio 
( ^16 In this study) are found to fracture obliquely owing to 
the reasons discussed In Chapter IV. 

3. It Is found that the ultimate tensile strength of the metals 
studied Is not affected significantly by the presence of holes* 
owing to plastic flow and consequent disappearance of stress 
Intensification. The hole only has the effect of reducing the 
sound area of the specimen and hence the maximum load bearing 
capacity while the UTS Is unaltered. The maximum Intensified 
stress criterion which applies to brittle materials Is also 
found to apply to ductile materials but since In ductile 
materials the stress Intensification factor Is roughly equal to 
1* the Intensified stress criterion reduces to a maximum nominal 
stress criterion. 

4. In the shape change experiments# all the holes change uniformly 
In area# the governing criterion being the constancy of volume 
of the hole. 

5. Only In the case of steel# the holes close to the edges of the 
specimens decrease In area# and hence In volume# upon rolling. 
This Is explained to be due to a roll pressure gradient In the 
roll axis (l.e. the specimen width) direction# upon which Is 
attendant an axial direction gradient of coefficient of 
friction. This could possibly be uesd as a rolling mill 
stiffness acceptance test where a specimen of steel with several 
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vertical holes along Its width Is rolled In plane strain In the 
nlll and the variation of hole size change across the width Is 
measured. For the stiffness of the mill to be acceptable* the 
variation In hole size change would have to be less than a 
certain limit. 

6. Tensile specimens with holes In them are seen to neck always 
before maximum load Is reached* owing to the trl axial Ity of 
stress Introduced early by the presence of the hole. 
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Table 4 

Results of tensile tests 


tonal 

Spec loon typo 
and condition 

Spocloon 1 
! Sun oar a j 

i 

ultiaeto | 

Tonal 1o Strength 
(Hal ) 

Elongation 

(X) 

Reduction 
in a rot 1 

(X) ! 

Typo Of 
fracture 

OfilC 

A-0 

TI-T3 

34 

10 

21 


i Copper 


T6-T9 

34 

* m 

4 4 

35 

I 

| 


ll-ii i 

34 

24 

59 

I 



L6-L9 

34 

17 

38 

i 

j 

3-0 

r 

33 

S3 

59 

• 



l ; 

32 

59 

67 

I 

| 


No hold 

32 

65 

70 

I 

! 

3-1 

T 

53 

17- 

43 

II 

i 


L 

53 

26 

57 

II 



No nolo 

54 

50 

42 

♦ *r 

A1 5052 

A-0 

n-rs 

29 

4 

10 




T6-T9 

29 

7 

15 

I 



ll-LS 

30 

10 

18 

I 



ua-ts 

30 

7 

14 

I 


3-0 

r 

34 

23 

26 

I. Ill 



l 

34 

21 

27 

II 



NO hole 

35 

24 

46 

I. Ill 


.•4 

1 

to 

7 

40 

o»4k 

22 

** 



l 

38 

12 

20 




No nolo 

40 

12 

32 

i 

:: ! 

St 1018 

A-0 

T1-T3 

48 

3 

i 16 

Ill i 



T6-T9 

48 

12 

17 

III 



Ll-ii 

47 

12 

21 

:i: 

1 


16-1.9 

47 

11 

15 

in ' 


8-0 

T 

71 

28 

51 

ii ' 



L 

68 

37 

51 

i: 

1 


No nolo 

68 

44 

50 

• » a4* 


8-1 

T 

77 

19 

32 

II 

j 


t 

69 

28 

46 

• * 



No nolo 

’0 

22 

46 

?T 
• * 

i 

c:-o 


S3 

•9 

41 

III i 

i 


no nolo 

63 

32 

56 

III ' 


c:-i 


119 


a 

II i 



no nolo 

118 

3 

27 

12 ! 

i 

C2-0 


68 

20 

42 

Ill 1 

t 


No nolo 

63 

30 

55 

* T * ! 




118 

4 

20 

■ m 4> 



No nolo 

118 

z 

28 



3-0 


69 

* i 

43 

III 

i 


NO nolo 

65 

32 

61 

III 

j 

C3-1 

L 

128 

2 

j ? 

III 



no nolo 

118 

11 

i 40 

III 


C4-0 

L 

68 

14 

1 S3 

III 



no nolo 

60 

31 

1 * 

in 


04-1 

l 

124 

2 

10 

in 



No nolo 

120 



8 

1 I? 

iii 


0 — Annul ee i tic* 

1 — Cole <orx«A mu 

T — longitudinal oil of aoeeinen tranav *r«« to rolling jlrectlcn 


— longitudinal axis at soocinen parallel to rolling eirectlcn 
I — “•nail* fracture peroonalcuWr to i»Mm ttreas 
:i — *racture at 35° to ’.eng tranaverae alracelon 
212 — Shoar fraetura at 45° to More tranavaraa alractlon 
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1 Types of fractures observed in metals 
subjected to uniaxial tension. (1) 

a) Brittle fracture of single crystals and 
polycrystals 

b) Shearing fracture in ductile single 
crystals 

c) Completely ductile fracture in 
polycrystals 

d) Ductile fracture in polycrystals 
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(a) 
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(b) 

Fig. 2 Anisotropy of mechanical properties. 

a) Relationship between reduction of area 
and angle between the longitudinal 
direction in forging and specimen axis 

b) Effect of forging reduction on the 
transverse reduction of area 
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Fig. 3 Position of three kinds of holes. (17) 
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Fig. 10 Microstructure of annealed OFHC Cu 

a) Annealed, at 100X, showing fine grain structure 

b) 200X. Twin boundaries are visible. 
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Etchant: HF in water 


Etchant: HF in water 


11 Microstructure of annealed A1 5052 

a) At 100X 

b) At 200X, very fine grains and precipitates 
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100X Etchant: Nital 

(a) 



(b) 

12 Microstructure of annealed steel AISI 1018 

a) At 100X 

b) At 200X. A lot of precipitates are seen 
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(C) (d) 

Fig. 13 Change of hole shape during rolling of A specimen (St. 1018) 

a) Before rolling 

b) After two passes 

c) After four passes 

d) After six passes 
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Fig. 14 Change of hole shape during rolling of B and C 
specimens (OFHC Cu) 

a) Before rolling 

b) After one pass 

c) After two passes 

d) After three passes 
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0 OFHC Cu 
« 

& AT 5052 

G St 1018 

8.5 ■ 

8. 0 • 


7.5 



4.0 4.5 5. 


ab ( from eqn . ( 1 ) } . 
(10"*sq. in.) 

Fiq. 15 Experimental values of ao vs. values from equation (1) 
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Fig. 16 Variation of hole shape change across width of 
specimen for steel. 




1 M« 


ORIGINAL PAGC is 
OF POOR QUALITY 



Fig. 17 Distribution of normal pressure and friction 
coefficient for various reductions on 
unlubricated aluminum, * 4.(22) 
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0 OFHC Cu 

& A1 5052 
3 St 1018 

j 2 - 3 j 

* I 
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2.3. 




Fig. 18 Variation of all lose eccentricity ratio (a/b) with 
percentage reduction In thickness (R). 












FF -- Fracture line 



(c) (d) 


22 Types of fracture observed 

a) Normal fracture 

b) Oblique fracture 

c) Shear type fracture 

d) Tensile type fracture 

a) can occur in c) and d) modes 

b) usually occurs in c) mode 


ORIGINAL PAGE ES 
OF POOR QUALITY 


49 


F F — Fracture line 



Fig. 23 Types of necking observed 

a) Diffuse necking 

b) Side view of a) showing localized necking 

c) Oblique necking at 33° 
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(a) (b) 


Fig. 24 Necking along an obliaue plane in flat steel bar 
tested in tension. (26) 

a) Necking along an obliaue plane in flat bar of 
cold-rolled low-carbon steel (ratio of width 
to thickness or cross section 16) tested in 
tension. (After Aronofsky) 

b) Necking along an oblique plane in flat steel bar 
tested in tension. (The steel sheet was reduced 
in thickness by 20 per cent by cold rolling before 
the tensile test was made.) (After Koerber and 
Siebel ) 


( 
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A«£-*3O0 
9*35000 
6*40000 
D* -1 3O0O 
E *560000 
F-6-1000 
G* 72O0O 
H- 3OO00 
I«b'i ? 0Ou 
J c 'jt»00 
k> 101000 


Fig. 25 Finite element solution of stress distribution in 
a plate with a round hole in it. (28) 

a) Elastic region 

b) After some yielding has occurred 
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(h) 300X (i) 

Scanning electron fractographs of fracture surfaces 

a), b), c) OFHC Copper. Note large, equiaxed dimples 

d), e), f) A1 5052. Note equiaxed dimple pattern 

g), h), i) St 1018. A lot more dimples are visible; 

slightly elongated; suggesting shear flow 
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(a) 



27 Mohr's circ.e of strain for oblique necking 

a) 0blique flow layer in wide flat tensile specimen 
• (26) 

b) Luder's band in specimen (27) 

c) Mohr's circle of strain for b). (27) 
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Nadal C26] statas that tha obllqun Hacking should occur In wlda 
flat bars of cold workad matarlal s In that dlractlon with raspact to 
tha tanslla axis In which no normal strains naad to ba producad undar 
a simp! a axtanslon. This Instability occurs In a band of matarlal# 
cal lad a Ludar's band* In which tha flow Is plastic whlla tha 
matarlal cn althar si da ramalns alastlc [27]. Saa Fig. 27 (a) and 
(b). Whan daformatlon Is contlnuad# tha spaclman fracturas In tha 
sama dlractlon. In tha Initiation staga* tha alastlc matarlal abova 
and balow tha Ludar's band has nagllglbla strains In all dlractlons 
Including dlractlon 0 In Fig. 27 (b). Hanca# for tha continuity of 
strain at tha Intarfaca# tha matarlal In tha Ludar's band must hava 
zero strain In tha 0 dlractlon. Now* If wa consldar tha Mohr's 
clrcla diagram of strain for this loading situation* wa saa that 
point 0 corrasponds to zaro normal strain* and angla 2 3 In strain 
spaca corrasponds to angla £ In raal spaca. 
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